Introduction
An automated pretreatment high-performance liquid chromatography is one of the effective methods to remove specific compounds in the matrix, and achieves a fast and reproducible pretreatment to enrich the target compounds. Among pretreatment columns, the methylcellulose-immobilized reversed-phase (MC-ODS) column showed excellent performance for drug or chemical analysis of biological samples [1] [2] [3] [4] [5] [6] [7] [8] and compounds in the environment. 9 While small molecules, such as drugs and environmental contaminants, enter in and are retained on the reversed-phase inner surface of small pores (12 nm), large molecules, such as proteins are excluded. Proteins in a plasma were effectively removed within a few minutes. We previously evaluated an automated pretreatment liquid chromatography-tandem mass spectrometry (LC-MS/ MS) system with the MC-ODS column for the analysis of chloramphenicol (CAP) in honey. 10 Sugars in honey were also sufficiently removed, and quantitative analysis was successful.
However, because of the pressure limit of the conventional pretreatment columns (up to 20 MPa), this technique has not been applied with ultra high-performance liquid chromatography (UHPLC). The typical pressure value of the pretreatment column at the extraction step is below 1 MPa, but rises steeply to the pressure of the analytical column at the transfer step for analysis. Under the typical UHPLC pressure above 30 MPa, the leakage of mobile phases between the column parts or low column efficiency can be observed. Sharp and frequent fluctuations of the pressure should cause a deterioration of the column performance, resulting in poor durability.
We developed a novel MC-ODS HP having a higher pressure tolerance of up to 60 MPa, so that the applicability of the on-line pretreatment could be expanded to various analyses. In this study, a method of UHPLC-MS/MS with an automated pretreatment was developed and evaluated for the analysis of CAP in royal jelly. The major components in royal jelly are water (50 -60%), proteins (18%), carbohydrates (15%), lipids (3 -5%), and mineral salts (1.5%). 11 Compared with honey, because the matrix of royal jelly is more complex, and contains proteins, royal jelly should be appropriate for evaluating the automated pretreatment system with the MC-ODS HP. The contamination of various compounds, such as heavy metals, radioactive isotopes, pesticides, pathogenic bacteria, etc. in bee products, has been an important issue.
on LC-MS/MS methods with off-line cleanup for the analysis of CAP in royal jelly. 25, 26 The minimum required performance limit (MRPL) for CAP analysis is 0.3 μg/kg, as set out in Commission Decision 2003/181/EC. 27 The method was evaluated as to whether it meets the requirements for EU regulations.
Experimental

Reagents and chemicals
Chloramphenicol and chloramphenicol-d5 (CAP-d5) were purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Ultrapure water for sample preparation and the mobile phases was prepared with the Merck Millipore (Darmstadt, Germany) Milli-Q system. Acetonitrile (ACN, LC-MS grade) and methanol (LC-MS grade) were purchased from Merck Millipore.
Sample preparation
Standard stock solutions of CAP and CAP-d5 at 1 mg/mL were prepared by dissolving in methanol. To adjust the concentrations for the standard mixture, stock solutions were diluted with a water/methanol solution (50/50). The concentration of CAP for the calibration curve ranged from 10 to 10000 pg/mL. For each concentration level, an internal standard (CAP-d5) was added at 10 ng/mL. Royal jelly samples were purchased at local honey shops. An internal standard (CAP-d5, 1 μg/mL, 100 μL) and water (5 mL) was added to 1 g of royal jelly. After voltex mixing, ACN (5 mL) was added. The solution was centrifuged for 10 min at 10000 rpm. The supernatant was filtrated with a disposable filter (pore size: 0.22 μm) and injected to the automated pretreatment LC-MS/ MS system.
Pretreatment column
A pretreatment column with a high-pressure capability up to 60 MPa was prepared for this experiment. Based on the procedure for a methylcellulose-immobilized reversed-phase column developed by Yamamoto et al., 1 the particles were produced in the same manner. The particle size was 50 μm and the pore size was 12 nm. Particles were packed in a stainlesssteel cartridge (10 mmL × 4.6 mm i.d.). Previously, the material for the endcap parts of a column cartridge was fluororesin, but the resin endcaps were deformed by screwing for the setup, which often caused leakage of the mobile phase between the endcaps and the column holder under higher pressure conditions of over 20 MPa. By replacing fluororesin with stainless-steel metal endcaps, the maximum pressure was improved from 20 to 60 MPa.
Analytical conditions for HPLC
The liquid chromatograph was a Shimadzu (Kyoto, Japan) Nexera X2 system with an SIL-30AC autosampler, an LC-30AD high-pressure gradient pump system (20-μL mixer), a DGU-20A5R vacuum degasser, and a CTO-20AC column oven. An FCV-32AH six-port flow changeover valve (valve A) and an auxiliary LC-20AD pump were added for sample pretreatment. The MC-ODS HP (10 mmL × 4.6 mm i.d., 50 μm) was held at 50 C with an eluent of water/ACN (95/5, v/v) at a flow rate of 2 mL/min for a pretreatment. After a 2-min extraction of a 20 μL injection, valve A was switched and a mobile phase for analysis was introduced at a flow rate of 0.4 mL/min. Mobile- phase A was water and mobile-phase B was ACN. The volume of the gradient mixer was 180 μL. Trapped and enriched target compounds were then eluted from the pretreatment column and delivered to a Shim-pack XR-ODS III (75 mmL × 2.0 mm i.d., 1.6 μm) analytical column (Shimadzu) using the following linear-gradient program: 5%B (0 -2 min) -95%B (6.5 -7 min) -5% (7.01 -10 min). Valve A was set back at the initial position at 7 min. The analytical column and valve A were also kept at 50 C. Eluates including CAP from the analytical column were introduced to the MS interface. The system flow diagram is shown in Fig. 1 .
Analytical conditions for mass spectrometry
Mass spectrometry was conducted using a Shimadzu LCMS-8040 triple quadrupole mass spectrometer equipped with an electrospray ionization (ESI) interface in the negative-ion mode. The DL (desolvation line) temperature was set at 250 C. The heat-block temperature was set at 400 C. The probe voltage for ESI was set at -3.5 kV. The flow rate of the nebulizer gas (nitrogen) was set at 1.5 L/min. That of the drying gas (nitrogen) was set at 15 L/min. Auto-tuning of the MS instrument was carried out with raffinose in water/methanol. The mass resolution was adjusted to provide a peak width of 0.6 u (FWHM). The MRM parameters, such as the precursor ion m/z, collision energy, and product ion m/z for CAP and CAP-d5 were optimized by an automatic MRM optimization function. The MRM transitions for CAP and CAP-d5 were m/z 320.8 > 152.1 (m/z 320.8 > 257.1 for confirmation) and m/z 326.0 > 157.2, respectively. The collision energy values for CAP and CAP-d5 were 16 V (11 V for confirmation) and 19 V, respectively. The dwell time was 200 ms for all transitions. Instrument control and data processing were performed using the LabSolutions for LCMS (Ver. 5.65) software.
Results and Discussion
Optimization of the sample pretreatment
The switching time for valve A was optimized by monitoring the UV absorption at 200 nm. The UV-Vis detector, SPD-20AV, was directly connected to the MC-ODS HP. After sample injection, the peak of royal jelly matrix appeared immediately. The switching time was set according to the time at which the absorbance came down to the baseline. The switching time depends on the flow rate for the pretreatment and injection volume. Finally, the injection volume of samples was set to 20 μL, and the pretreatment time was set at 2 min. The UV chromatograms with the MC-ODS HP column were very similar to those with a conventional MC-ODS column of the same size. Thus, the performance on the removal of the matrix was the same between those columns. Figure 2 shows representative MRM chromatograms of CAP ((a) 10 pg/mL and (b) 10000 pg/mL). The Retention time for CAP and CAP-d5 was 5.25 min. The average recovery (n = 2) of CAP by a comparison between standard solutions and spiked royal jelly samples at 1000 and 10000 pg/mL were 85.8 and 89.2%, respectively. Calibration curves were constructed using the internal standard method with 1/C (C = concentration) as a weighting factor. To determine the relative standard deviations (RSDs), replicate injections (n = 5) were performed at each concentration level. The linear dynamic range for CAP was between 10 and 10000 pg/mL. The correlation coefficient was better than 0.999. The limit of detection (LOD, S/N = 3) and the limit of quantitation (LOQ, S/N = 10) for CAP were 3 pg/mL (= 0.03 μg/kg royal jelly) and 10 pg/mL (= 0.1 μg/kg royal jelly), respectively. The intra-day precision and accuracy (n = 5 at each concentration level) are summarized in Table 1 . The values for the precision were better than 9%, and those for the accuracy were between 93 and 122%. The inter-day precision and accuracy (3 days, n = 15 at each concentration level) are also summarized in Table 2 . The values for the precision were better than 11%, and those for the accuracy were between 95 and 114%. Both of these results showed the good precision and accuracy of the method. The pressures at the pretreatment column and the analysis column at injection (0 min) were approximately 0.6 and 52 MPa, respectively. The pressure across the MC-ODS HP steeply increased from pretreatment to analysis. The pressure profile of the analytical pump is shown in Fig. 3 . After valve A was switched back to the initial position, immediately the pressure dropped. A frequent change of the column pressure would damage the pretreatment column.
Method validation
However, no deterioration in the performance and leakage of mobile phases was observed throughout this experiment. Liquid-contacting parts, such as the valves at the autosampler, the inner wall of tubings between the autosampler and the switching valve, inner parts of the switching valve, are potential sources of cross-contamination of the target compound in the column-switching LC system. [28] [29] [30] Carryover after injection of the sample with a high-concentration target compound would cause inaccurate quantitative results at the next injection. In order to assess any cross-contamination of the system, a blank sample (water/methanol) was injected after the analysis of a high-concentration (10 ng/mL) sample. As a result, no peak was observed at a blank sample analysis. Thus, the carryover was at least lower than 0.1% (lower than LOQ). As long as the concentration of CAP is in the range of the calibration curve, no carryover would be observed.
Analysis of a royal jelly sample
Prior to the analysis of a royal jelly sample with the novel pretreatment column with a higher pressure capability, analysis was conducted with the conventional MC-ODS pretreatment column. The analytical conditions were the same as those in a previous report. 10 The method was optimized so as to maintain the column pressure below 25 MPa. Figure 4 represents an MRM chromatogram of sample A. Because of complex matrix in royal jelly, the peak of CAP (arrowed) was interfered by other compounds, even though MRM was conducted. Although the amount of CAP was below the LOQ, the accuracy may not be acceptable at the LOQ level. Next, two royal jelly samples (sample A (same as above) and sample B) were analyzed with the novel on-line pretreatment LC-MS/MS system. As shown in Fig. 5 , sample A gave a peak of CAP, and the peak separation was improved. The amount of CAP was below the LOQ. No peak of CAP was observed with sample B. Both values of CAP did not exceed the MRPL of the EU regulation. Even at low concentration near the LOD or the LOQ, the present method would be effective for the analysis of CAP. Compared with honey samples, MRM chromatograms of royal jelly were more complex, and interference peaks were not clearly separated with larger particles (2.2 μm). Smaller particles (1.6 μm) showed a better separation performance with the complex royal jelly matrix.
Conclusions
An automated pretreatment LC-MS/MS system was applied for analysis of CAP in royal jelly samples. On-line pretreatment with an MC-ODS HP column was both reliable and fast, 2 minutes per sample. The pretreatment column can be used repeatedly, while the conventional off-line SPE cartridges should be disposed after an extraction. The results of a validation study were excellent, and comparable to conventional off-line sample-pretreatment methods. This method meets the requirements for regulations, and is useful for improving the throughput of analysis for royal jelly samples. By using the MC-ODS HP column, UHPLC analytical columns with smaller particles (1.6 μm) can be utilized, resulting in improvements of the peak separation. The MC-ODS HP extends a broader range of applications with automated pretreatment LC-MS/MS systems.
